Objective: This study was designed to investigate adipose tissue secretion of interleukin-6 (IL-6), leptin, tumour necrosis factor alpha (TNF-a) and plasminogen activator inhibitor-1 (PAI-1) in Graves' hyperthyroidism. Design: We studied 10 patients before and during (after 8 weeks) anti-thyroid treatment for Graves' hyperthyroidism and 16 healthy, euthyroid control subjects. Methods: Plasma levels of thyroid hormones and serum/plasma levels of IL-6, leptin, TNF-a and PAI-1 were analysed. Subcutaneous fat biopsies were taken for subsequent measurement of IL-6, leptin, TNF-a and PAI-1 protein secretion. Results: In patients with Graves' disease, the anti-thyroid treatment resulted in significant reductions of plasma thyroxine and triiodothyronine levels. No differences in serum concentration or adipose tissue secretion of leptin or TNF-a were observed either before, as compared with during, anti-thyroid treatment, or in comparison with euthyroid controls. In contrast, plasma PAI-1 activity, but not adipose tissue secretion of PAI-1, was increased both in Graves' disease before as compared with during anti-thyroid treatment ðP ¼ 0:01Þ and in thyrotoxic patients compared with euthyroid controls ðP ¼ 0:0001Þ: Finally, adipose secretion of IL-6 was increased both before (8-fold, P ¼ 0:001) and during (6-fold, P , 0:0001) treatment as compared with control subjects. Accordingly, serum concentration of IL-6 was also increased by about 50% in thyrotoxic patients as compared with healthy controls ðP ¼ 0:03Þ: Conclusions: In Graves' hyperthyroidism regardless of thyroid status, adipose tissue secretion of IL-6, but not of leptin, TNF-a or PAI-1, is markedly increased in comparison with euthyroid controls. This suggests that autoimmune thyroidal disorder may regulate adipose tissue release of IL-6.
Introduction
Human adipose tissue secretes a number of proteins among which leptin, tumour necrosis factor alpha (TNF-a), plasminogen activator inhibitor-1 (PAI-1) and interleukin-6 (IL-6) have all been found to act as auto-, para-or endocrine modulators of organ function (1) . Leptin has a key role in body weight regulation by serving as an adipose satiety signal to the brain thereby influencing food intake and energy expenditure in a negative feedback loop (2) . Besides their potent proinflammatory effects in host defence, both TNF-a and IL-6 have been implicated in regulating insulin signalling and lipid metabolism in peripheral tissues (1) whereas PAI-1, via modification of the fibrinolytic system, has a pathogenic role in atherothrombosis (3) .
Although various conditions including obesity influence adipose tissue expression of leptin, TNF-a, IL-6 and PAI-1 (1), the hormonal regulation of protein release from adipose tissue has been only partly elucidated. Insulin and glucocorticoids stimulate adipose tissue release of leptin, whereas catecholamines have an opposite effect (4) . Adipose tissue secretion of IL-6 is reduced after glucocorticoid incubation, but is unaffected by insulin (5) . Thyroid hormones have marked effects on adipose lipid metabolism both in vivo (6) and in vitro (7) . However, it is not known whether autoimmune thyroidal dysfunction plays a role in regulating protein secretion from human adipose tissue. In the present study, we examined the serum concentrations and abdominal subcutaneous adipose tissue release of IL-6, leptin, TNF-a and PAI-1 in 10 patients before and during treatment for Graves' hyperthyroidism as well as in 16 healthy, euthyroid control subjects.
Materials and methods

Subjects
The study group consisted of ten female patients who were admitted to the Huddinge University Hospital's Department of Endocrinology from Primary Health Care units for treatment of Graves' hyperthyroidism. The patients were investigated before treatment was initiated and when they were found to be clinically euthyroid. All subjects were treated and clinically examined by the same investigators throughout the study (J H, H W, AW). Except for the current disease, all subjects were previously healthy and were not on any medication. All patients had a history of 2-6 months of symptoms associated with hyperthyroidism. As a control group, 16 non-obese females were included after local recruitment. These subjects were all healthy with no signs of clinical thyroid disease and were free of medication.
All subjects were investigated in the morning after an overnight fast. Height and weight were measured and body fat content (percentage) was determined by bioimpedance (Model TBF 305, Tanika, Japan). A venous blood sample was obtained for the measurement of thyroid hormone levels at the Hospital's routine chemistry laboratory. Measures were made for thyroidstimulating hormone (TSH) (patients and controls) and the free plasma values of thyroxine (T 4 ) and triiodothyronine (patients). In patients, blood samples were also taken to analyse plasma levels of thyroid receptor stimulating antibodies (TRAb), which are characteristic of Graves' disease, using a method for percentage inhibition of binding. These measures were made at the Hospital's routine immunology laboratory. Serum concentrations of IL-6 and TNF-a were measured using an enzyme-linked immunosorbent assay (ELISA, HSTA 50; R&D Systems, London, UK) and a radioimmunoassay kit was used for the measurement of serum leptin (Linco, St Charles, MO, USA). Plasma PAI activity was analysed by ELISA (TintELIZE PAI-1, Biopool, Umeå, Sweden). Finally, a subcutaneous fat biopsy (0.5 -1.0 g) was obtained from the umbilical region under local anaesthesia.
After the investigation, antithyroid treatment was initiated in the patients with Graves' disease and was continued throughout the study using 30 mg thiamazol per day. The patients underwent clinical control at four-week intervals. All of them responded to the treatment with diminishing symptoms of hyperthyroidism and were re-investigated as soon as they were clinically euthyroid. However, the treatment was not aimed to achieve fully normalized levels of TSH and T 4 . In order to avoid any risk of hypothyroidism, which may increase the risk of endocrine ophthalmopathy, a block and replacement therapy was used (8) . Therefore, after 4 weeks of treatment with thiamazol, 0.1 mg thyroxine daily was added. None of the subjects received b-adrenoceptor blocking agents. The subjects were investigated for a second time when they had reached a clinically euthyroid state after 8-37 weeks of treatment. At this time, all measurements described above, including the fat biopsy, were repeated. The reason for the large interindividual variation between biopsies was due to the variation in relief of thyrotoxic symptoms. The study was approved by the ethics committe of Huddinge Hospital and all subjects gave informed consent to participate.
Adipose tissue secretion of IL-6, leptin, PAI-1 and TNF-a
The adipose tissue was cut into small pieces (10 -25 mg) and then incubated at 37 8C (3.0 ml medium/ 300 mg tissue) in a medium consisting of sterile Krebs -Ringer phosphate buffer (pH 7.4), endotoxinfree bovine serum albumin (4 g/100 ml) and glucose (1 mg/ml), with air as the gas phase. After a 2-h incubation, a 1-ml aliquot of medium was removed and stored at 2 70 8C for subsequent analysis of IL-6, leptin, PAI-1 and TNF-a. These analyses were carried out using an enzyme-linked immunosorbent assay for PAI-1 (ELISA, TintELIZE PAI-1, Biopool), a radioimmunoassay kit for leptin (Linco) and ELISAs for IL-6 and TNF-a (HSTA 50; R&D Systems).
Statistical analysis
Values are given as means^standard error of the mean (S.E.M.). Students' paired or unpaired t-tests were used for statistical comparisons.
Results
In all patients, plasma levels of TRAb were increased as a sign of Graves' disease. Table 1 shows the clinical characteristics of patients with Graves' hyperthyroidism before and during anti-thyroid treatment as well as those of controls. In all patients, the anti-thyroid treatment resulted in a significant reduction of plasma thyroxine and triiodothyronine levels. Except for one patient ðTSH ¼ 6:7Þ; TSH values were still at a low level at the time of the second investigation. Furthermore, in all patients clinical signs of hyperthyroidism diminished and body mass index (BMI) and percentage body fat increased as a result of anti-thyroid treatment. As compared with controls, no difference in age, BMI or percentage body fat was found. However, as expected a significant difference in TSH levels between patients and controls was observed.
Serum concentrations of IL-6, leptin and TNF-a and plasma activity of PAI-1 in patients before and during anti-thyroid treatment and in controls are shown in Table 2 . No differences in serum levels of leptin or TNF-a were found either before as compared with during anti-thyroid treatment or in patients compared with controls. In contrast, plasma activity of PAI-1 was clearly influenced by thyroid status. In patients, the PAI-1 activity was more than twice as high before as compared with during treatment. Furthermore, in the control group the PAI-1 value was (almost) only 10% of that in untreated patients. With respect to serum concentration of IL-6, no effect of anti-thyroid treatment was found. However, as compared with controls, serum values of IL-6 in untreated patients were increased by about 50%.
The effect of anti-thyroid medication on adipose tissue secretion of IL-6, leptin, PAI-1 and TNF-a is shown in Table 3 . No difference in secretion rate of any of these proteins was found before as compared with during anti-thyroid treatment. Furthermore, adipose secretion rates of leptin, PAI-1 and TNF-a did not differ between patients with Graves' disease and healthy subjects. In contrast, adipose tissue secretion of IL-6 was increased almost 8-fold in patients with Graves' disease as compared with the control group (Fig. 1) . A significant increase was still found when comparing values of patients with Graves' disease during treatment with those of control subjects ðP , 0:0001Þ:
We also investigated whether adipose tissue release of IL-6 was correlated to various parameters. However, no correlations were found between IL-6 adipose release and plasma concentrations of thyroxine, triiodothyronine, TRAb or serum levels of IL-6 (data not shown).
Discussion
The present study was designed to investigate the putative role of autoimmune hyperthyroidism in regulating protein secretion from human adipose tissue. No difference in the release of leptin, TNF-a or PAI-1 from subcutaneous adipose tissue was found in patients with Graves' hyperthyroidism before, as compared with during, anti-thyroid treatment or in comparison with euthyroid controls. The adipose tissue secretion rate of IL-6 was also unaffected by anti-thyroid treatment. However, adipose release of IL-6 was markedly increased in patients with Graves' disease both before and during treatment, as compared with control subjects.
Previous studies regarding the effect of thyroid status on levels of leptin, TNF-a and PAI-1 in man have primarily focused on serum measurements. In hyperthyroidism, increased (9 -11), decreased (12 -16) as well as unaffected (17 -20) serum levels of leptin have been observed, whereas unaltered (10, 13, 17, 18) or increased (11, 14, 18, 20) levels are reported in hypothyroidism. A gender-related regulation of leptin in Graves' disease has also been reported (21) . Except in one study (22) , no effect of thyroid status on serum levels of TNF-a has been demonstrated (23) (24) (25) (26) . Only a few studies on serum PAI-1 levels have been presented showing an increased level in hyperthyroidism (27) and a decreased level in severe hypothyroidism (28) . Taken together with the data on both serum and adipose tissue secretion concentrations in this study, it can be concluded that thyroid status, at least in the case of hyperthyroidism, plays a minor role in the hormonal regulation of leptin and TNF-a. In contrast, plasma activity of PAI-1 was markedly increased in hyperthyroidism as measured both as an effect of antithyroid treatment and as compared with euthyroid controls. However, adipose tissue release of PAI-1 was not influenced by thyroid status, which suggests that the observed increase in plasma PAI-1 activity is derived from tissues or cells of non-adipose origin.
With respect to IL-6, several studies are in agreement with the present results showing an increased serum level in hyperthyroidism as compared with euthyroid control subjects (22 -24, 29, 30) , whereas no effect has been found in two studies (25, 26) . Given the results of the present study, an increased release of IL-6 from adipose tissue may be of pathophysiological importance in regulating the plasma levels of the cytokine in human hyperthyroidism. Based on in vivo experiments, it has been estimated that approximately 25% of the systemic levels of IL-6 originate from subcutaneous adipose tissue (31) . Consequently, nonadipose tissue or cells have a major influence on IL-6 production, which may explain why we could not detect any correlation between serum concentration and adipose release of IL-6 in this relatively small study sample. It should also be noted that several kinds of cells within adipose tissue, including mononuclear blood cells, fibroblasts and endothelial cells, may be responsible for secreting IL-6, since isolated adipocytes account for only 10% of the total tissue release of IL-6 (5).
Whether the observed increase in adipose tissue release of IL-6 in Graves' disease is due to a direct effect of thyroid hormones or can be explained by factors related to the autoimmune nature of the disease is unclear. The fact that all patients were clinically euthyroid, and that thyroid hormone levels normalised by the time of the second fat biopsy, speaks in favour of the latter explanation. Furthermore, we found no difference in either serum concentrations or adipose release of IL-6 before as compared with during treatment, whereas both adipose and serum IL-6 levels were higher in untreated patients as compared with controls. However, a prolonged effect of thyroid hormone excess still present after eight or more weeks of anti-thyroid treatment cannot be excluded. Serum concentrations of IL-6 after treatment for Graves' disease have been shown to be both unaltered (23, 30) or declined (22, 24) . Moreover, increased serum levels of IL-6 have also been found in non-autoimmune thyrotoxicosis (22, 24) .
In conclusion, no difference in adipose tissue secretion of leptin, TNF-a or PAI-1 was found in patients with Graves' hyperthyroidism either before, as compared with during, anti-thyroid treatment or in comparison with euthyroid controls. In contrast, adipose release as well as serum concentrations of IL-6 were increased in Graves' disease, both before and during anti-thyroid treatment as compared with control subjects. The results suggest a role of autoimmune thyroidal dysfunction in regulating adipose tissue secretion of IL-6 and partly contributing to the increased circulating levels of IL-6.
